The HLA genomic structure underlines the permanence of fixed haplotypes transmitted in blocks as allelic combinations. One of the most discussed concerns is how and why such a strong linkage between HLA alleles has been maintained for so long. We hypothesized a possible KIR-driven pressure in the genesis of specific HLA-A,B haplotypes. Certain HLA-A and -B molecules are ligands for the same KIR receptors through the Bw4 binding motif spanning residues 77-83 in the a1 domain. We analyzed the HLA-A and -B genomic types of 9897 Caucasian people (3533 newborns and 6364 adults) subdividing them according to the presence/absence of the HLA-B Bw4 serological epitope. For each HLA-B Bw4-and Bw6-cross-reactive group, we evaluated the presence/absence of HLA-A ligands for KIR3DL1 (HLA-A*23, HLA-A*24, HLA-A*32) and KIR3DL2 (HLA-A*03, HLA-A*11). The frequency of HLA-A KIR ligands significantly increased moving from the HLA-B Bw4/Bw4 to the HLA-B Bw4/Bw6 and the HLA-B Bw6/Bw6 groups among both newborns and adults (Po0.0001). Here, we suggest that, when the HLA-B KIR-ligand motif is lacking, the HLA-A KIR-ligand might have a vicarious role in controlling the natural killer cell-mediated innate immune response. Basing upon this compensatory function in the engagement of KIR receptors, we hypothesize that specific HLA-A,B ancestral haplotypes were generated.
INTRODUCTION
Killer cell immunoglobulin-like receptors (KIR), a family of activating and inhibitory lymphocyte receptors that recognize polymorphic epitopes of HLA class I molecules, are derived from an ancestral receptor containing three extracellular Ig-like domains: D0, D1 and D2. 1 The KIR gene cluster, primarily expressed on natural killer cells, has coevolved with the HLA genetic system 2,3 and displays increasing variability. 4, 5 The high levels of polymorphism in the KIR and HLA genes are due primarily to the selective pressure exerted by pathogens and to reproductive fitness. 6, 7 In addition to the HLA-C1 and HLA-C2 allele clusters, which are characterized by the sequence motif present in the a1 helix at amino-acid residues 77-80, the KIR receptors interact with specific HLA-B sequences belonging to the Bw4 epitope, defined by a polymorphic sequence motif spanning residues 77-83 in the a1 domain. 8 The HLA-B Bw4 motif is also shared by certain HLA-A molecules, HLA-A*23, HLA-A*24 and HLA-A*32 that bind to KIR3DL1. 9 However, controversial results have been reported regarding the interaction between HLA-A*23 and KIR3DL1. 10 Although lacking the HLA-B Bw4 motif, HLA-A*03 and HLA-A*11 are also KIR ligands and bind to the KIR3DL2 receptor. 5 All the HLA-B alleles lacking the Bw4 motif belong to the Bw6 crossreactive group and are not KIR ligands. With few exceptions, namely HLA-B*13 and HLA-A*25, 9 all the HLA antigens containing the HLA-B Bw4 motif can bind to the KIR3D receptors.
Except for the ancestral receptor, the majority of KIR are characterized by two Ig-like domains (KIR2D) and can be further subdivided into two groups according to the domain content. The first group includes KIR2DL1/L2/L3 and KIR2DS1/S2/S3/S4/S5 that are characterized by the D1 and D2 domains and recognize HLA-C molecules. The second group comprises KIR2D receptors that carry the D0 and D2 domains, namely KIR2DL4/L5. 1, 5 The KIR3D receptors, which contain three domains (D0, D1 and D2), are specific for the HLA-B and HLA-A molecules carrying the HLA-B Bw4 motif (KIR3DL1) and for HLA-A*03 and A*11 (KIR3DL2). Recent experiments indicate that KIR3DL1 and KIR3DL2, through the D0 domain, are able to bind CpG-oligodeoxynucleotides derived from pathogens that are cointernalized and translocated into the early endosomal compartment and loaded onto toll-like receptors. 11 The function KIR as intracellular chaperones reveals an even greater resemblance to HLA system. 12 One of the most frequently discussed issues in classical immunogenetics is how and why strong linkage disequilibrium (LD) between HLA alleles has been maintained for such a long period of time. A clear example is the maintenance over time of the ancestral haplotypes (AH) in different populations, such as AH 8.1 (HLA-A1,Cw7,B8,DR3,DQ2) and AH 7.1 (HLA-A3,Cw7,B7, DR15,DQ6). These AH represent a genetic compromise between several reproductive advantages, such as healthy intrauterine life and high birth-weight, and the well-known association with certain autoimmune diseases (multiple sclerosis and diabetes).
Genomic epistatic interactions have been claimed to select and preserve the AH as 'functional genetic units'. 15 Nevertheless, the function performed by specific HLA molecules in binding the KIR receptors has never been considered as a possible driving force for the genesis and maintenance of HLA-A,B haplotypes as functional genetic blocks. To investigate this possibility, we analyzed the HLA-A,B genotypes of 9897 healthy people of Caucasian origin who were typed at the genomic level for HLA-A and HLA-B polymorphisms.
We considered 3533 newborns (cord blood (CB) donors belonging to the Pavia Cord Blood Bank) and 6364 stem cell donors (belonging to the Pavia Bone Marrow Donor Registry) to investigate, indirectly, the possible effect of KIR genes on the HLA-A,B haplotype selection. We first analyzed the HLA-B alleles subdividing the sample into three groups according to the Bw4 motif: HLA-B Bw4/Bw4, HLA-B Bw4/Bw6 and HLA-B Bw6/Bw6. Then, we considered the HLA-A alleles containing the Bw4 motif, and the other HLA-A molecules demonstrated to be KIR ligands. Finally, in a sub-group of 1479 adult stem cell donors and 517 CB donors, we evaluated the presence or absence of the HLA-C C1 and C2 ligands in each HLA-B Bw cross-reactive group (HLA-B Bw4/Bw4, HLA-B Bw4/Bw6 and HLA-B Bw6/Bw6).
Here, we observed that the HLA-A molecules have a vicarious role as KIR ligands when HLA-B Bw4 is lacking, thus generating the specific HLA-A,B haplotypes that are common in our population.
RESULTS
Both newborns (3533 CB donors) and adults (6364 bone marrow donors) were subdivided into three groups according to the HLA-B Bw4 KIR ligand motif: Bw4/Bw4, Bw4/Bw6 and Bw6/Bw6. In each sample, the HLA-B Bw genotype distribution was in HardyWeinberg equilibrium.
For each HLA-B Bw cross-reactive group, we evaluated the presence or absence of the HLA-A ligands for KIR3DL1 (HLA-A*23, HLA-A*24 and HLA-A*32 alleles) and KIR3DL2 (HLA-A*03 and HLA-A*11 alleles). We found that the frequency of HLA-A KIR ligands significantly increased moving from the HLA-B Bw4/Bw4 to the HLA-B Bw4/Bw6 and the HLA-B Bw6/Bw6 groups, both in newborns and adults (Po0.0001). Notably, the two samples showed the same behavior (Table 1) .
Considering the HLA-A KIR ligands with a frequency greater than 1% (Figures 1 and 2 ) and moving from the HLA-B Bw4/Bw4 group to the HLA-B Bw4/Bw6 group to the HLA-B Bw6/Bw6 group, we observed a statistically significant ascending trend for HLA-A*03 (P ¼ 0.004), HLA-A*11 (Po0.0001), HLA-A*24 (Po0.0001) and HLA-A*32 (Po0.001) in newborns ( Figure 1 ) and for HLA-A*03 (Po0.0001), HLA-A*11 (P ¼ 0.001) and HLA-A*24 (Po0.0001) in adults ( Figure 2 ). HLA-A*32 did not show a statistically significant difference in frequency among groups in adults (P ¼ 0.341). On the contrary, HLA-A*23 decreased in frequency in both populations in parallel with the absence of the HLA-B Bw4 supermotif (Po0.0001), and HLA-A*33 (previously not included among the KIR ligands) increased moving from the HLA-B Bw4/ Bw4 group to the HLA-B Bw4/Bw6 and the HLA-B Bw6/Bw6 in both newborns (P ¼ 0.007, Figure 1 ) and adults (Po0.0001, Figure 2 ).
Notably, the frequencies of the HLA-A alleles lacking the KIR ligand motif (namely HLA-A*01, A*02, A*30, A*26 and A*29) decreased from HLA-B Bw4/Bw4 to HLA-B Bw4/Bw6 to HLA-B Bw6/Bw6 in newborns and adults (Figures 1 and 2) .
Considering the whole sample (newborns and adults) and the distribution of the HLA-A alleles in the three HLA-B Bw crossreactive groups, all trends except those for HLA-A*01, A*25 and A*31 were significant (Figure 3) .
Finally, we evaluated the presence or absence of the HLA-C C1 and C2 ligands in each HLA-B Bw cross-reactive group (HLA-B Bw4/Bw4, HLA-B Bw4/Bw6 and HLA-B Bw6/Bw6) in 1479 adult stem cell donors and 517 CB donors. We found that the frequency of HLA-C C1 and C2 KIR ligands did not increase moving from the HLA-B Bw4/Bw4 to the HLA-B Bw4/Bw6 and the HLA-B Bw6/Bw6 groups, both in adults and newborns (Table 2) .
DISCUSSION
Many efforts are made to explain the strong association among specific HLA alleles that are inherited in fixed haplotypes from generation to generation. Primarily, the physical closeness of HLA loci reduces the likelihood of their genetic recombination, and a classic example is the ancestral haplotype, AH 18.1, which is present in the Sardinian population at a frequency of 15%. Undoubtedly, the shortness of this AH that lacks the 21-OHA and C4B genes reduces the frequency of recombination. 16 However, the distance itself seems insufficient to explain the strong linkage disequilibrium that characterizes the HLA region. Even the crucial function of HLA class I molecules as peptide presenters to T-cell receptors is not exhaustive to explain the high rate of association between specific HLA class I alleles. 17 The most widely accepted theory invokes a pathogen-driven selective pressure that favors the preservation of certain HLA combinations. 6 An illustrative example is the selective pressure exerted by Plasmodium falciparum on HLA in West Africa. The frequency of HLA-B*53 is higher in Sub-Saharan Africa than elsewhere in the world because this allele protects children against severe malaria.
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Finally, the presence of different HLA allelic combination or haplotypes in different ethnic groups may be the result of a migration-driven phenomenon. 6 To the best of our knowledge, no evidence for a genetic pressure exerted by KIR to ensure a balancing set of HLA-B and HLA-A KIR ligands has previously been reported to support the origin of the most common HLA-A,B haplotypes. Nevertheless, certain HLA-A and HLA-B molecules, carrying the HLA-B Bw4 Genesis and maintenance of specific HLA-A,B haplotypes C Capittini et al serological epitope (residues 77-83 in the a1 domain), are common ligands for the same KIR receptors on natural killer cells, and certain HLA-A dimers bind to KIR3DL2, the only homodimeric KIR receptor, that exerts a unique function in the internalization of pathogen peptides in cell endosomes through the D0 KIR domain. 11 Here, we found that the HLA-A and HLA-B molecules, which share the Bw4 epitope, are inherited in specific HLA-A,B haplotypes, so that the HLA-A ligand is present when the HLA-B ligand is lacking.
In fact, we found that the frequency of the HLA-A KIR ligands significantly increased with the decrease of HLA-B KIR ligands, creating peculiar HLA-A,B combinations (Po0.0001). This suggests that certain HLA-A,B haplotypes arose from a selective force acting on the preservation of a supplementary set of KIR ligands beyond the minimum one represented by HLA-C ligands. Thus, in individuals lacking the HLA-B KIR-ligands (that is, Bw6/Bw6), specific HLA-A molecules might have a vicarious role in controlling the natural killer cell function. (Table 3) contain both HLA-A and HLA-B KIR ligands, and only three haplotypes (HLA-A1,B8; HLA-A2,B18; HLA-A2,B35) lack both KIR ligand motifs. 20 It is noteworthy that these HLA-B Bw4-deficient haplotypes have been reported to be associated with increased susceptibility to several autoimmune pathologies and viral infections. [21] [22] [23] We analyzed the distribution of all the HLA-A alleles in the three HLA-B Bw4/Bw4, HLA-B Bw4/Bw6 and HLA-B Bw6/Bw6 groups in newborns and adults. As expected by our theory, we observed an ascending trend in allelic frequency of HLA-A*03, HLA-A*11, HLA-A*24 and HLA-A*32, and a descending trend for HLA-A*01, HLA-A*02, HLA-A*30 and HLA-A*29.
Although the HLA-A*23 allele carries the Bw4 motif, it does not behave as a ligand supporting the results of Foley et al., 10 who demonstrated a weak binding for the KIR3DL1 receptor. 
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The novelty concerns the HLA-A*33 allele, which is not considered KIR ligand, but, in our setting, behaves as an HLA-A KIR ligand allele. To check this observation, we propose further functional studies on the HLA-A*33 molecule. In contrast to the HLA-A KIR ligands, the frequency of HLA-C C1 and C2 KIR ligands did not increase moving from the HLA-B Bw4/ Bw4 to the HLA-B Bw4/Bw6 and the HLA-B Bw6/Bw6 groups ( Table 2 ). This confirms the role of HLA-C dimer as a dominant KIR ligand, always present independently from HLA-B or HLA-A KIR ligands. This observation is in line with all the studies made by Parham and colleagues 24 on the coevolution of KIR genes and their dominant ligands, the major histocompatibility complex (MHC)-C molecules, in primates. In fact, primates are the most appropriate model for studying the associations between KIR and MHC-C, as in humans the HLA-C locus encodes for both C1 and C2 allotypes, whereas the orangutan Popy-C gene encodes only the C1 allotype.
Our study, conducted in two large groups of healthy Italian subjects at birth and in adulthood, interprets the HLA-A,B haplotypes in functional terms, and proposes that they have been created to guarantee an additional set of KIR ligands besides the essential one represented by HLA-C molecules. HLA class I typing Genomic DNA was genotyped by the PCR sequence-specific primer method (Olerup, Saltsjö baden, Sweden) and by the reverse PCR sequencespecific oligonucleotide hybridization method (Innogenetics, Murex Biotech Limited, Ghent, Belgium). 25, 26 According to the international policy of FACT-Netcord and the Italian CB Banks, the CB units were typed for HLA-A and HLA-B polymorphisms at a low resolution level and for HLA-DRB1 at a high resolution before banking. According to the policy of IBMDR, the adult hematopoietic stem cell donors were typed for HLA-A and HLA-B and, more recently, for HLA-C polymorphisms at a low resolution level and for HLA-DRB1 at high resolution before data entry into the international database. On demand, both groups were typed for HLA-DQA1, HLA-DQB1, HLA-DPB1, HLA-DRB3, HLA-DRB4, HLA-DRB5, HLA-A, HLA-B and HLA-C at four digits. Ambiguous typing results were resolved by direct sequencing.
MATERIALS AND METHODS Subjects

Statistical analysis
Differences between the groups were evaluated with w 2 statistics or Fisher's exact test, as appropriate. The chi-square test for trend was used to compare the HLA-A allele frequencies among the three HLA-B sub-groups: HLA-B Bw4/Bw4, HLA-B Bw4/Bw6 and HLA-B Bw6/Bw6.
Initially, we considered the two groups separately, imagining a lifespan selection of peculiar haplotypes. Then they being similar, we put them together.
